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Abstract

:

Urbanization is changing land use–land cover (LULC) transforming green spaces (GS) and bodies of water into built-up areas. LULC change is affecting ecosystem services (ES) in urban areas, such as by decreasing of the water retention capacity, the urban temperature regulation capacity and the carbon sequestration. The relation between LULC change and ES is still poorly examined and quantified using actual field data. In most ES studies, GS is perceived as lumped areas instead of distributed areas, implicitly ignoring landscape patterns (LP), such as connectivity and aggregation. This preliminary study is one of the first to provide quantitative evidence of the influence of landscape pattern changes on a selection of urban ecosystem services in a megacity as Jakarta, Indonesia. The impact of urbanization on the spatiotemporal changes of ES has been identified by considering connectivity and aggregation of GS. It reveals that LP changes have significantly decreased carbon sequestration, temperature regulation, and runoff regulation by 10.4, 12.4, and 11.5%, respectively. This indicates that the impact of GS on ES is not only determined by its area, but also by its LP. Further detailed studies will be needed to validate these results.
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1. Introduction


The urban population had increased to 3.9 billion (54% of the total population) by 2014 and will increase to around 6.3 billion (67% of the total population) by 2050 [1]. Population increase drives land use–land cover (LULC) change transforming green spaces as well as bodies of water into built-up areas resulting in decrease and loss of ecosystem services (ES) in urban areas [2,3,4,5]. Ecosystem services are the varied benefits to humans from the natural environment and healthy ecosystems. They can be categorized as provisioning services, regulating services, cultural services, and supporting services [6]. A city or an urban area can be seen as a single ecosystem where the urban population directly benefits from ecosystem services generated by urban ecosystems, such as green and blue infrastructure [7]. Ecosystem services in urban areas include air quality improvement, noise reduction, controlling air temperature, carbon storage and sequestration, water regulation, and recreation [7,8,9,10,11,12,13] and therefore enhance citizens well-being [14,15].



Many studies show that urbanization and LULC change are key anthropogenic drivers affecting urban ecosystem’s functions and services [11,16,17,18,19]. Some examples of the impact of LULC change on ES due to urbanization are a decrease in the capacity to retain stormwater leading to urban flooding [20], and an increase in the land surface temperature (LST) [21] in cities. Yuan et al. [22] showed that in Nanjing, China, there was a decrease in the provision and delivery of supply services, the supporting services, and the regulating services by 17, 0.9, and 4.3%, respectively, due to urbanization between 2000 and 2015. In Beijing, urban growth between 1985 and 2015 decreased carbon storage and water yield by 3.3 and 4%, respectively, while sediment export increased by 15.5% (Sun et al., 2018b). Another study from Atlanta Metropolitan area, US, showed that urban expansion between 1985 and 2012 reduced carbon storage by 23% and water purification capacity by 28 and 49%, for nitrogen and phosphorus, respectively, but increased sediment transport by 17% (Sun et al., 2018). Jaligot et al. [23] showed that the cultural services in Yaoundé, Cameroon, decreased by more than 90% due to urbanization between 2000 and 2018. LULC change from 1990 to 2017 in the West Bengal, India, resulted in some of the regulating services increasing while others decreased. Water regulation, water supply, and waste treatment increased by 57, 22, and 8%, respectively, while climate regulation and nutrient cycling decreased by 31.82 and 31.25%, respectively [24].



The relationship between urbanization, LULC change, and ES has been studied from various perspectives. Panagopoulos et al. [14] discussed the importance of urban ES and landscape planning to sustainable urban development. Das and Das [24] investigated the impact of LULC change on ES by quantifying the total ecosystem service value (ESV) based on the area of the ecosystem, and a value coefficient (VC) [25]. The extension of built-up areas in West Bengal decreased agricultural and vegetation covers. As a result, the total ESV of landscape decreased by 24.30% from 1990 to 2017. Wang et al. [26] investigated the impact of urbanization from 2000 to 2010 on multiple ES at hotspots and urban megaregion scale of Beijing–Tianjin–Hebei (BTH), the capital economic zone of China, by considering three components of urbanization: the built-up area proportion, the population density, and the gross domestic product (GDP) density. The ES in their study was calculated using the area of the ecosystem, for instance, the total food production was based on the area of cropland. It was revealed that providing services of food supply had an “inverse U” shape relation with the population and the GDP density, while urban expansion decreased regulating services. The impact of urbanization on ES was not only influenced by an increase in urban areas or a decrease in green spaces but also by landscape pattern changes, such as a number of patches (NP), aggregation index (AI), and “clumpiness” index, as discussed by Asadolahi et al. [27]. The ecosystem services in their study were based on the area of ecosystems, including water body, agriculture, rangeland, forest, and urban. Moreover, the influence of landscape patterns to ES provision was analyzed by comparing the landscape metric changes and ES. They saw that increasing food supply had a positive correlation with the good connectivity and connectedness of agricultural land. Haas et al. [28] discussed the relationship between a decrease in ES with an increase in built-up areas and landscape pattern changes due to urbanization in the period from 1989 to 2001 in Stockholm and Shanghai. They observed that an increase in built-up areas along with landscape pattern changes, such as a decrease in connectivity, an increase in fragmentation, and more complex shapes of the natural landscape, had a negative impact on ES. The ES in their study was based on the area of ecosystems, such as wetland, water, forest, agriculture, urban green space, high-density building, and low-density building. Moreover, the relationship between ES and landscape pattern changes was discussed by comparing the changes of the landscape metrics and ES. For urban flood mitigation, Bai et al. [29] conducted a field survey study in Luohe, China, which observed that inundated areas had a low proportion of green spaces and bare land. Moreover, landscape metrics analysis showed that the mean patch size of green spaces of flooded areas was smaller compared with that of roofs. Meanwhile, the connectivity of green spaces had no significant contribution to mitigating urban flooding. The importance of landscape patterns on surface runoff control was also observed by [30]. They directly integrated large patch index (LPI) and aggregation index (AI) of green spaces with runoff coefficients to estimate runoff volume controlled in Beijing, China. It was found that increasing runoff was related to a decrease in green spaces, as well as increasing the fragmentation and disaggregation of green spaces. The landscape patterns can also exhibit a relation with an increase in LST in the Olympic forest park of Beijing, China, as investigated by using the Pearson correlation analysis [31]. It was revealed that an increase in LST was related to increasing urbanization in the period 2000 to 2015. Moreover, there was a negative correlation between LST and the landscape metrics of large patch index (LPI) and aggregation index (AI) of green spaces.



A growing number of studies have investigated the impact of urbanization and LULC change on ES. These studies reveal that a decrease in green spaces affects ES, feeding the perception that there is a positive relationship between the surface area of green spaces and urban ecosystem functioning [4,32]. However, these studies generally ignore the impact of spatial heterogeneity of the land surfaces as they lump together the area of each land-use type. Only a few of them acknowledged the differences in landscape patterns but still did not consider landscape patterns in calculating the impact of green spaces. As a result, an area of green spaces, as shown in Figure 1, could still be perceived as a lumped area instead of a distributed area, where the green space units have different landscape patterns, such as connectivity, aggregation, mean patch size, and large patch index, which could affect ecosystem services [33,34].



In many existing studies, the impact of urbanization and LULC change on ES is generally discussed using the lumped area of green spaces. Some studies have discussed the impact by comparing the ES changes and the changes of landscape patterns, which show that landscape patterns can affect ES. However, there is a lack of studies that directly examine the impact of landscape pattern changes on the area of green spaces to ES calculation.



This preliminary study aims to identify the impact of landscape pattern changes on urban ecosystem services using two spatial configurations of green spaces, as shown in Figure 1. Firstly, the area of green spaces is assumed as a lumped area, as depicted in Figure 1b. Secondly, the area of green spaces is assumed as a distributed area, as shown in Figure 1a, which is represented by directly combining the area and landscape patterns defined by the aggregation and the connectivity of the green spaces and bodies of water. As a preliminary study, this study is designed to focus on the investigation of the landscape pattern changes and their influence on urban ES. It is expected that the results of this study can provide insight into the influence of landscape patterns on ES calculation. Moreover, the validation of the results is not a part of this study since there is a lack of field survey data for all municipalities in Jakarta. Hence, the validation would be considered as a part of further studies.



This study is divided into three main parts: (1) assessing the impact of urbanization on LULC change; (2) analyzing the impact of LULC change on the landscape patterns; and (3) analyzing the impact of the landscape pattern changes on ecosystem services.




2. Materials and Methods


This study was carried out in Jakarta, Indonesia, and it was conducted in six steps. First, LULC maps for 1995 and 2014 were generated using Landsat images. The LULC classification used six LULC classes, which were urban, suburban, grassland, cropland, trees, and water (sea and surface water). Second, the results of LULC classification were imported into the FRAGSTATS, the spatial pattern analysis program, for landscape metric analysis. The analysis considered four landscape metrics and the relationship between them: Class Area (CA), Land Proportion (PLAND), Aggregation Index (AI), and connectivity (COHESION). The landscape metrics analysis was carried out for five municipalities of Jakarta. Third, the impact of urbanization on LULC change was analyzed, which was based on the CA of LULC classes. Fourth, the impact of LULC change on the landscape patterns was analyzed, which was based on PLAND, AI, and COHESION. Fifth, ecosystem services were calculated using two methods: area-based estimation and landscape metric area (LMA). The area-based estimation followed commonly ecosystem services area calculation that uses only the area of green spaces, while the landscape metric area directly incorporated the landscape metric representing the spatial characteristic/configuration of green spaces to ecosystem services area calculation. Sixth, ecosystem services changes between 1995 and 2014 from two different methods were then analyzed using ecosystem services index (ESI).



2.1. Study Area


Jakarta is the capital of Indonesia, which has experienced rapid urbanization and the extensive transformation of vegetative green spaces into impermeable urban surfaces [35,36,37,38]. Urbanization in Jakarta is driven by several factors, including its strategic political and economic position as the capital city where important activities like the functions of the national government, education, manufacturing, and commerce are taking place [39]. Jakarta has six municipalities, which are Central Jakarta, North Jakarta, West Jakarta, South Jakarta, and East Jakarta, as shown in Figure 2, and one regency, which is the Thousand Islands (not shown in the figure). This study focuses on the municipalities that consist of 42 subdistricts, which are home of approximately 10 million people, with the population growth rate of 1.02% per year in 2015 [40]. East Jakarta is the most populated area, whereas West Jakarta is the most densely populated area with a population density of 19,018 per km2. Located on the northwest coast of Java, Jakarta’s climate is a tropical monsoon climate according to the Köppen climate classification system and it has two seasons, which are the rainy season from October through May and the dry season from June to September. During the rainy season, the average monthly rainfall is 300 mm, while it is 43 mm in August during the dry season [40].




2.2. Data Sources


The impact of urbanization on LULC change was analyzed using land use–land cover maps of Jakarta for the year 1995 and 2014. The maps were prepared using Landsat images selected for the area of Jakarta and its surrounding. For the year 1995, the Landsat 5 TM L1TP from 24 August 1995, was used, while the Landsat 8 OLI TIRS L1TP obtained on 13 September 2014, was selected for the land use–land cover map of the year 2014. Both datasets had 30 m resolution. The land cover classification was based on the land cover classes used to investigate the relationship between green spaces and increasing urban temperature [41]. We used the semiautomatic classification in QGIS [42], a free and open-source geographic information system, to generate six land cover classes: urban, suburban, grassland, cropland, trees, and water. An urban area is an area where there is a dense mix of compact high-rise, compact midrise, or low-rise buildings, while a suburban area is an open arrangement of low-rise buildings with pervious land covers, such as grass, low plants, and scattered trees. A grassland area is defined as an area where the vegetation is dominated by grasses, and there are few or no other plants. A cropland area is an area mainly used for agricultural and farming purposes, where rice, corn, vegetables, and fruits are grown. An area of trees is an area where trees are dominant. Water represents both sea and surface water, such as rivers and lakes. Moreover, the LULC change analysis was based on the CA from five land cover classes: urban, trees, grassland, cropland, and bodies of water.



The boundary area of Jakarta and its municipalities was obtained online from the Geospatial Information Agency of Indonesia (BIG) database, www.tanahair.indonesia.go.id (accessed on 20 September 2019).




2.3. Landscape Metrics


Landscape metrics are quantified characteristics of the spatial pattern at different levels (i.e., patch level, class level, and landscape-level) used to describe landscape structures and LULC change [43,44,45]. Information about landscape structures is essential to analyze ecosystem structures, functions, and services [46] and to evaluate their spatial effects at the patch–class–landscape level [47,48]. Patch level metrics are important for defining individual patches and for characterizing the spatial context of the patches, which are used as the computational basis for other landscape metrics. At the class level, the metrics are calculated by integrating all patches from a given class. The class level calculation can be done by a simple aggregation of the area of patches to reflect the total area of a given class. Moreover, landscape-level metrics are the integration of all classes over the landscape [49]. This study uses four landscape metrics to capture the spatial features which affect urban ecosystem processes: class area (CA), connectivity (COHESION), land proportion (PLAND), and aggregation index (AI). CA is a measure of landscape composition; specifically, to indicate how much of the landscape is comprised of a patch type. The class area is the primary component used in the ecosystem service quantification [45]. The connectivity of a class is measured by the patch cohesion index (COHESION) that measures the physical connectedness of the corresponding patch type. Patch cohesion increases as the patch type become more clumped or aggregated in its distribution; hence, more physically connected [50]. The decrease in patch connectivity in a landscape could be a negative sign for ecosystem services [28]. The land proportion (PLAND) is the percentage of a landscape, which quantifies the proportional abundance of each patch type in the landscape, while the AI is used to understand the spatial aggregation of a patch in a landscape [31,45,51]. The landscape metrics in this study were calculated using FRAGSTATS 4.2, the spatial pattern analysis program, which is developed by McGarigal and Cushman of University of Massachusetts in the United States of America [48].



The landscape metrics used in this study were selected based on the premise that there is a correlation between ES and the area, the aggregation, and the connectivity of ecosystem [31,45,52]. In general, many ES studies focus on the relationship between ecosystem services and the area of green spaces revealing a positive correlation between the size of the green spaces and the weight of the ecosystem services provided [53,54,55]. However, some studies showed that ecosystem services were also influenced by landscape patterns [29,30,55,56]. In this study, ES was analyzed by considering the “effective area” of green spaces and bodies of water by taking into account the influence of aggregation and connectivity on the area of green spaces and bodies of water. The landscape metric combinations for this study are selected based on the FRAGSTATS 4.2 guidelines and the existing research on landscape metric and ES. There are some indices that can be used to analyze the relationship between landscape metrics and ES, such as Number of Patch (NP), Patch Density (PD), Large Patch Index (LPI), patch cohesion index (COHESION), land proportion (PLAND), CONTAGION, and Aggregation Index (AI). Among them, the AI was selected because it can give more accurate results compared to that of other aggregation indices, such as CONTAGION [51], while the COHESION was selected for connectivity analysis because it can represent the connectivity of a corresponding patch type of a particular class [28,50]. This resulted in the “Landscape Metric Area” (LMA) calculated by multiplying the metrics class area (CA), aggregation index (AI), and cohesion index (COHESION) for each land cover class, as follows:


  L M A = C A × A I × C O H E S I O N  



(1)







LMA was calculated at the municipality level following the Indonesian regulation for spatial planning. The standard focuses on the city level and defines the spatial configuration of different land use–land cover types, including the minimum proportion of open green spaces [57].




2.4. Urban Ecosystem Services


Many studies discussed ES in urban areas [7,9,28,45,58,59]. Back in the 1990s, one of the pioneering urban ecosystem services studies considered six ecosystem services: air filtering, microclimate regulation, noise reduction, rainwater drainage, sewage treatment, and recreation [7]. Derkzen et al. [9] studied ecosystem services bundles in Rotterdam, the Netherlands, considering six ecosystem services: air purification, carbon storage, noise reduction, runoff regulation, cooling, and recreation. The importance of urban ecosystem services inspires local and national governments to incorporate ES in their urban planning process and documents [58,60,61,62]. For example, the government of Indonesia requires a minimum of 30% open green spaces in each city and urban area [57,63].



In this study, ES changes analysis was limited to carbon sequestration, temperature regulation, and runoff regulation, due to the limitation of the medium resolution satellite images to capture several urban details, such as street corridors and small city parks. Furthermore, in the ES selection increasing carbon emissions [64,65], and recent climate-related hazard events in Jakarta, such as urban flooding in 2013, 2014, 2015, and 2020, have also been considered [66,67], as well as the potential increase in the urban temperature [37,68]. The ES estimation adopted a weighting factor used in [9], where the green space with high-temperature regulation capacity was given a weight of 1.0, whereas 0.5 was given for low capacity. In this study, the weighting factor was implemented for all ES estimations for which the factor was given on the basis of the importance of a particular green space to a particular ES. For example, grassland was given the weight of 0.5 for temperature regulation, but it was given 1.0 of the weight factors for runoff regulation.



2.4.1. Carbon Sequestration


Green spaces have an important role in the carbon cycle, capturing CO2 from the atmosphere during photosynthesis, and releasing it during respiration. In an urban area, carbon sequestration mainly takes place in green spaces [69,70,71]. Each green space has a different carbon sequestration rate, and urban trees generally have a higher rate compared to that of other green spaces because of their higher leaf area index (LAI), which is the ratio of the area of trees’ leaves per area of the land surface [72]. For example, the urban forest of Punggol forest in Singapore had the annual carbon sequestration rate of 1.6 ton/year/ha, where trees with high LAI such as Delonix regia and Artocarpus heterophyllus gave a significant contribution [53]. Studies from Indonesian cities showed that trees had a carbon sequestration rate higher than that of other vegetation, including grass and herbaceous. For instance, the carbon sequestration of tree-covered areas in a part of Jakarta was 129.92 kg/ha/hour, much higher than 2.74 kg/ha/hour for grass areas [73]. Moreover, trees in the city of Singaraja on Bali island had 112.751 tons/ha of carbon sequestration higher than 4.845 tons/ha of carbon sequestration of herbaceous [74].



In this study, carbon sequestration was based on the LMA of trees. The LMA of trees was given a weight of 1.0 considering its carbon sequestration, which is higher than that of other vegetation. Other types of green spaces were given a weight of 0, assuming no significant contribution to capturing carbon in the atmosphere.




2.4.2. Temperature Regulation


Increasing LST and air temperature in urban areas can be influenced by several factors, including a decrease in green spaces and bodies of water. The contribution of green spaces to the control of urban temperatures can be achieved through ecosystem functions such as evapotranspiration, trees shading, and modifying air movement, while the greatest contributing factor to the cooling effect is shading and evapotranspiration [75]. The effectivity of green spaces in providing the ecosystem functions is influenced by various factors, including the area and the spatial distribution of green spaces [76], the configuration and the shape of green spaces [52,77], and the connectivity of green spaces [31]. Among green spaces, trees have high cooling potential through shading and evapotranspiration, while other short vegetative covers such as grass and crops might have a lower capacity [9,78]. The temperature in urban areas can also be regulated through evaporation and heat absorption from bodies of water [79]. The cooling effect of bodies of water is influenced by the area of the bodies of water [80], and the effect decreases with the increase in distance from the water body, which is similar to the cooling effect from green spaces [81,82].



Temperature regulation in this study was estimated using the combination of the LMA from trees, grassland, cropland, and bodies of water. The LMA of trees was given a weight of 1.0, while a weight of 0.5 was given for the LMA of grassland, cropland, and bodies of water.




2.4.3. Runoff Regulation


Due to urbanization, cities and urban areas are more vulnerable to urban flooding. The increasing vulnerability is influenced by some factors such as a decrease in green spaces and bodies of water. As a result, many urban areas have an insufficient capacity for infiltration and interception, as well as an increase in the runoff coefficient. Urban flooding-related studies showed that the area of green spaces could be considered as one of the important factors that determine runoff regulation [30,83,84]. For instance, increasing tree-cover by nearly 11% in Beijing could increase the total runoff reduction volume by more than 30% [85]. Moreover, the capacity of green spaces in controlling surface runoff is also influenced by several factors, including the interception of rainfall. Among many types of green spaces, trees could provide the high interception capacity, particularly in the short–moderate rainfall or in the earlier periods of precipitation, and it decreases in the longer duration or during high rainfall intensity [86]. A field experiment from the city of Uruaçu, Goiás, Brazil, showed that interception rate during short, low-intensity precipitation was about 40%, while the rate was about 3.6% in the high intensity and long duration rainfall [87]. Besides interception, green spaces also provide runoff regulation through infiltration, which is influenced by numerous factors including rainfall intensity, green space types, soil characteristics, and green space coverage [19,88,89,90]. In addition, green spaces contribute to runoff coefficients by increasing flow resistance, which can be associated with its density [91]. Furthermore, bodies of water like rivers, lakes, and wetlands also have the potential to control surface runoff through storage functions [83].



The estimation of runoff regulation service in this study considered the combination of the LMA from trees, cropland, grass, and bodies of water. All green spaces were given a weight of 1.0 based on the assumption that green spaces and bodies of water had a similar contribution to runoff regulation from one or the combination of infiltration, interception, flow resistance, and storage functions.





2.5. Ecosystem Services Index (ESI)


This study used ecosystem services index (ESI) to assess the ES changes. The ESI was based on the ES calculated using the combination of the LMA from green spaces and bodies of water. The ES calculation was divided into two steps. First, the ES was only based on the area of green spaces and bodies of water called area-based estimation. Second, the ES was based on the LMA calculated using the following equation.


  E S = a L M  A  t r e e   + b L M  A  g r a s s l a n d   + c L M  A  c r o p l a n d   + d L M  A  w a t e r    



(2)




where a, b, c, and d were the weighting factors for each green space and bodies of water. The weighting factor was different for each green space in each ES estimation, as given in Table 1.



The ESI was then calculated by normalizing the ES values using the following formula:


  E S  I  i j   =   E  S  i j   − E  S  m i n     E  S  m a x   − E  S  m i n      



(3)




where   E S  I  i j     is the index of ES,  i  for the municipality  j ,   E  S  i j     is the value of ES,  i  for the municipality  j , and   E  S  m i n     and   E  S  m a x     are the minimum and the maximum value of ES  i , respectively.





3. Results


3.1. Land Use–Land Cover (LULC) Change Analysis


The high rate of land transformation marked urbanization in Jakarta from 1995 to 2014, as shown in Figure 3. It shows that there has been a substantial change in the spatial distribution of green spaces due to increasing urban areas. The growing urban areas, about 44.3%, lost about 58.1% of the areas with trees, 36.1% of grassland, 32.3% of cropland, 15.9% of suburban areas, and 6.1% of bodies of water (lakes and rivers).



The LULC change in the study was analyzed by focusing on the spatial extension of the urban areas and the decrease in vegetative cover and bodies of water from 1995 to 2014, as shown in Figure 4. In 1995, the spatial distribution of urban areas was concentrated in three municipalities, which were East Jakarta (65.3 km2), followed by North Jakarta (63.9 km2) and South Jakarta (58.5 km2). On the other hand, the smallest urban area was about 35.4 km2, which was observed in Central Jakarta. After 20 years, urban areas increased in all municipalities. The largest urban area in 2014 was about 97.8 km2 in West Jakarta, which increased by about 93.7% from that in 1995. Meanwhile, urban areas in East Jakarta and North Jakarta increased by almost a half from that in 1995. On the other hand, the smallest urban area, by approximately 38.4 km2, was identified in Central Jakarta, which increased by 8.2%.



The increase in built-up areas was also observed in suburban areas from 1995 to 2014, as shown in Figure 4. In 1995, the largest suburban area was detected in East Jakarta (36.4 km2), followed by South Jakarta (31.6 km2) and West Jakarta (26.9 km2). Central Jakarta had the smallest suburban area by about 4.30 km2. The spatial distribution of suburban areas in 2014 was a bit different from urban areas, which increased in all municipalities. The changes of suburban areas were marked by a decrease in West Jakarta (−64.0%), followed by North Jakarta (−51.0%) and Central Jakarta (−19.6%), but they increased in East Jakarta and South Jakarta. The largest suburban area of 38.37 km2 was identified in East Jakarta, which increased by 5.3% from that in 1995. This increase, however, was lower than 17.7% in South Jakarta. On the other hand, the smallest suburban area of 3.4 km2 was detected in Central Jakarta.



The dynamic changes of the built-up areas affected the area of green spaces, where trees were by far the most affected, followed by grassland and cropland, as shown in Figure 4 and Figure 5. In 1995, trees were mainly distributed in East Jakarta and South Jakarta, where the area of trees was more than two times of that in the other municipalities, such as in North Jakarta and West Jakarta. The largest area of trees (39.4 km2) was observed in East Jakarta, while the smallest area of 5.0 km2 was in Central Jakarta. In 2014, the area of trees decreased above the average in all municipalities except in South Jakarta and Central Jakarta. A significant decrease of 65.8% was observed in North Jakarta, followed by West Jakarta (−62.2%) and East Jakarta (−61.1%). However, the area of trees in that area was still higher than that in other municipalities. For instance, East Jakarta had the largest area of trees (15.4 km2), which was higher than 14.5 km2 in South Jakarta. On the other hand, the smallest area of trees (3.2 km2) was detected in Central Jakarta.



Besides trees, areas of grassland were also impacted by an increase in the built-up areas, as depicted in Figure 4 and Figure 5. In 1995, the widespread occurrence of areas of grassland was mainly detected in East Jakarta, West Jakarta, and South Jakarta. The largest grassland area (18.3 km2) was observed in East Jakarta, which was similar to that of West Jakarta. On the other hand, Central Jakarta had the smallest area of about 2.3 km2. In 2014, the grassland area remained almost the same in East Jakarta, while a significant decrease of 84.5% was observed in West Jakarta, followed by North Jakarta (−54.5%). The smallest area of grassland was observed in Central Jakarta (1.6 km2), followed by West Jakarta (2.8 km2) and North Jakarta (4.4 km2).



A decrease in the area of green spaces was also found in the area of cropland during urbanization from the year 1995 to 2014, as shown in Figure 4 and Figure 5. The spatial distribution of cropland in 1995 was dominant in East Jakarta and North Jakarta, where the areas of cropland were 23.4 km2 and 22.1 km2, respectively. In 2014, there was a decrease in the area of cropland. The highest decrease was identified in West Jakarta, where the area of cropland decreased by 47.1%, followed by East Jakarta (−35.9%) and North Jakarta (−25.2%). Moreover, the spatial distribution of cropland in 2014 was similar to that in 1995, where the dominant distribution of cropland was observed in North Jakarta (16.5 km2), followed by East Jakarta (14.9 km2).



The existence of bodies of water between 1995 and 2014 was identified by a small decrease by −6.1%, as shown in Figure 4 and Figure 5. The spatial distribution of the bodies of water was mainly observed in North Jakarta, representing lakes, fishponds, and wetlands. As a result, North Jakarta had the largest area of bodies of water between 1995 and 2014, where small patches of bodies of water, including rivers, creeks and small wetlands, were evenly distributed in all municipalities.




3.2. Landscape Metrics Analysis


The rapid urbanization in Jakarta not only changed the spatial distribution of green spaces but also altered the landscape patterns indicated by changes in the proportion, the aggregation, and the connectivity of green spaces, as well as of bodies of water. In 1995, landscape metrics analysis showed the highest proportion of trees at the municipality level of about 20% in East Jakarta and South Jakarta, while other municipalities had about 10% of trees in their area. Meanwhile, trees showed a dispersed distribution in Central Jakarta, North Jakarta, and West Jakarta, where the AI was lower than 50%. However, trees had good connectivity, as shown in Figure 6. It shows that trees had the COHESION higher than 60% in all municipalities, with the highest values being observed in South Jakarta.



In 2014, the proportion of trees decreased in all municipalities, where the highest decrease of 65.8% was observed in North Jakarta, followed by West Jakarta and East Jakarta, where the proportion decreased by 62.2 and 61.1%, respectively. Meanwhile, the highest trees proportion of 9.9% was identified in South Jakarta, followed by East Jakarta (8.3%) and Central Jakarta (6.6%), while a similar proportion was observed in West Jakarta and North Jakarta. The decrease in the proportion of trees was followed by a decrease in the aggregation and the connectivity of trees except in Central Jakarta. It was found that trees in Central Jakarta were more aggregated and connected in a small proportion. The aggregation and the connectivity of trees in Central Jakarta increased by 12.1 and 6.7%, respectively. In other municipalities, trees were more disaggregated, as indicated by a decrease in the AI values. For instance, the AI in East Jakarta and South Jakarta decreased by 27.4 and 26.3%, respectively. Furthermore, the connectivity of trees also decreased in East Jakarta and South Jakarta, where the connectivity decreased by 19.7 and 23.8%, respectively. However, the connectivity of trees was still high in all municipalities since the COHESION was higher than 50%.



Meanwhile, the dominant proportion of the urban areas also influenced the landscape patterns of the grassland, as shown in Figure 7. In 1995, the highest proportion of grassland was about 14.5% in West Jakarta, followed by South Jakarta (10.9%) and East Jakarta (9.9%). The proportion of grassland in West Jakarta was found higher than the proportion of trees in the same year, which showed a different green space pattern in a municipality. Meanwhile, the low AI percentage indicated that grassland had dispersed distribution in all municipalities. The connectivity of grassland in 1995 was almost similar in four municipalities where the connectivity varied from 71.4% to 72.4%. The highest connectivity of grassland was observed in West Jakarta, where COHESION was 84.9%.



In 2014, all municipalities saw a decrease in the proportion of grassland. The highest decrease was observed in West Jakarta, where the proportion decreased from 14.5% in 1995 to 2.2% in 2014. In addition, the location of the highest proportion shifted from West Jakarta to East Jakarta. The highest grassland proportion of 9.9% was identified in East Jakarta, which was slightly higher than 9.6% in South Jakarta. On the other hand, a similarly low proportion was observed in Central Jakarta, North Jakarta, and West Jakarta, where the proportion of grassland was 3.3, 3.2, and 2.2%, respectively. Furthermore, the area of grassland underwent a small amount of disaggregation in all municipalities except in East Jakarta, where the area of grassland was aggregated by 12.7%. The connectivity of grassland in 2014 was also affected by urbanization as it decreased in four municipalities, but it increased in East Jakarta. The highest decrease was 29.3%: this was observed in West Jakarta, where the connectivity reduced from 84.9% in 1995 to 60.0% in 2014. Moreover, a small decrease was found in Central Jakarta, South Jakarta, and North Jakarta, where the connectivity decreased by 5.9, 5.3, and 3.5%, respectively.



Moreover, the landscape patterns of cropland were also subject to dynamic changes due to urbanization, as shown in Figure 8. In 1995, the highest proportion of cropland was mainly observed in North Jakarta, East Jakarta, and West Jakarta. The highest cropland proportion of 15.9% was observed in North Jakarta, while the lowest cropland proportion of 2.3% was observed in Central Jakarta. Meanwhile, the cropland distribution in the four municipalities exhibited a scattered pattern, as indicated by the AI percentage. For instance, cropland in Central Jakarta, East Jakarta, and South Jakarta was below 50%. Moreover, the connectivity of crops was high in North Jakarta, West Jakarta, and East Jakarta, where the COHESION was 95.3, 87.9, and 84.6%, respectively.



In 2014, the proportion of cropland decreased sharply. The highest decrease of 47.1% was identified in West Jakarta, followed by East Jakarta and North Jakarta, where cropland decreased by 35.9 and 25.2%, respectively. However, North Jakarta still had the highest cropland proportion of 11.9%, while the smallest cropland proportion of 2.6% was observed in Central Jakarta. The decrease in the proportion of cropland affected its aggregation in some municipalities in 2014. For instance, cropland in West Jakarta was disaggregated by 13.9%, followed by North Jakarta and Central Jakarta, where cropland was disaggregated by 11.3 and 13.8%, respectively. Furthermore, cropland had a small decrease in the connectivity, but the percentage was still high. For instance, the highest decrease of 8.4% was observed in West Jakarta, where the connectivity of crops was 87.9%.



In contrast with the landscape patterns of green spaces, urbanization did not have a significant impact on the landscape patterns of bodies of water, as depicted in Figure 9. The proportion of bodies of water in 2014 was similar to that in 1995. The dynamic changes of the landscape patterns of bodies of water were marked by a small increase in the proportion of bodies of water in East Jakarta and South Jakarta, while this proportion decreased in North Jakarta and West Jakarta. However, the aggregation and the connectivity of bodies of water increased in all municipalities in 2014, as shown in Figure 9.




3.3. Spatial and Temporal Distribution of ES Changes


The spatial and temporal distribution of ES changes were analyzed using Equations (2) and (3). The results showed that the landscape pattern changes had a significant impact on the decrease in the carbon sequestration, temperature regulation, and runoff regulation.



The spatiotemporal changes of the carbon sequestration are given in Figure 10. The picture shows that the area-based estimation and the LMA-based estimation give an almost similar pattern of the carbon sequestration, but the decrease rates are different. The area-based estimation that used a lumped area of trees gave a higher carbon sequestration capacity compared to that from the LMA-based estimation, which used an effective area. The area-based estimation showed that East Jakarta had the highest carbon sequestration in 2014, followed by South Jakarta, North Jakarta, West Jakarta, and Central Jakarta. The highest decrease in the carbon sequestration was identified in North Jakarta (−65.8%), followed by West Jakarta (−62.2%), East Jakarta (−61.1%), South Jakarta (−51.8%), and Central Jakarta (−35.5%). On the other hand, the landscape pattern changes in the LMA-based estimation gave a significant change in the carbon sequestration capacity. For instance, the LMA-based estimation suggested that North Jakarta had the highest decrease in the carbon sequestration (−78.4%), followed by East Jakarta (−77.3%), West Jakarta (−77.1%), South Jakarta (72.9%), and Central Jakarta (−22.8%). Furthermore, East Jakarta had the highest carbon sequestration in 2014, followed by South Jakarta, Central Jakarta, North Jakarta, and West Jakarta.



The different spatial patterns of the temperature regulation indicate the influence of the landscape patterns of green spaces and bodies of water, as shown in Figure 11. It shows that the temperature regulation from the LMA-based estimation had a higher decrease rate compared to that from the area-based estimation. The impact of the landscape pattern changes on the temperature regulation was reflected in the LMA-based estimation that suggested the highest decrease rate in West Jakarta (−74.6%), followed by South Jakarta (−64.1%), East Jakarta (−61.1%), North Jakarta (−50.1%), and Central Jakarta (−23.7%). Moreover, the highest temperature regulation in 2014 was in East Jakarta, followed by North Jakarta, South Jakarta, West Jakarta, and Central Jakarta. On the other hand, the area-based estimation showed a similar spatial distribution of the temperature regulation, but the decrease rate was lower than that in the LMA-based estimation. For instance, the decrease rate of the temperature regulation with the area-based estimation in East Jakarta was −44.7% lower than that from the LMA-based estimation. This decreased pattern was also observed in all municipalities.



Furthermore, the dynamic changes of the landscape patterns affect the spatial distribution of the runoff regulation, as shown in Figure 12. It shows that the area-based estimation indicated a decrease of the runoff regulation between 1995 and 2014 in all municipalities where the highest decrease was found in West Jakarta (−64.6%), followed by North Jakarta (−40.5%), East Jakarta (−38.4%), South Jakarta (−33.6%), and Central Jakarta (−25.8%). Meanwhile, East Jakarta had the highest runoff regulation in 2014, followed by South Jakarta and North Jakarta, while the lowest runoff regulation was in Central Jakarta. The LMA-based estimation, on the other hand, showed a higher decrease rate of the runoff regulation. By considering landscape metrics in the effective area of green spaces, the LMA-based estimation suggested that the highest decrease rate was in West Jakarta (−74.6%), followed by South Jakarta (−57.9%), East Jakarta (−51.8%), North Jakarta (−46.3%), and Central Jakarta (−25.0%). Furthermore, the highest runoff regulation was in East Jakarta, followed by North, South Jakarta, West Jakarta, and Central Jakarta.





4. Discussion


4.1. Landscape Pattern Changes and Ecosystem Services


The LULC change analysis shows a considerable change in the spatial distribution and the landscape patterns of green spaces between 1995 and 2014, which in turn affect ecosystem services, as given by the LMA-based estimation. An increase in built-up areas results in a decrease in the size and the proportion of green spaces, as well as in the disaggregation and disconnection of green spaces. A change in the landscape patterns affects the capacity of green spaces to provide ecosystem services [8,45].



This study indicates that the decrease in the carbon sequestration between 1995 and 2014 was influenced by a decrease in the area of green spaces, as well as a decrease in the aggregation and the connectivity of trees. For instance, Central Jakarta was covered with about 3.2 km2 of trees in 2014, which is smaller than the area of trees in North Jakarta (namely 5.2 km2). However, the carbon sequestration capacity in Central Jakarta is higher than that in North Jakarta, which can be explained by differences in the landscape patterns. In Central Jakarta, the trees are more aggregated, as indicated by 49.6% of the AI index, while the AI of the trees in North Jakarta is 36.1%. Moreover, the trees in Central Jakarta are more connected, as seen from 78.9% of the COHESION, which is higher than 59.9% in North Jakarta. However, the influence of the connectivity and the aggregation of the trees is not always significant compared to its area. For instance, Central Jakarta has a smaller area and higher connectivity of trees, but carbon sequestration in that area is lower than that in East Jakarta, which has a higher area of trees. Furthermore, the aggregation of trees in East Jakarta is slightly lower than that in Central Jakarta and South Jakarta. The relationship between the carbon sequestration with the area and the landscape patterns of the green spaces is consistent with a previous study in Jakarta, which showed that a higher carbon sequestration rate was observed in the location of a large area of trees [73]. The essential influence of the area of trees in the carbon sequestration was also observed in tropical cities such as Singapore [53] and in cities at high latitudes such as in Espoo, Southern Finland [70]. Moreover, it is important to underline that the carbon sequestration discussed in this study and the examples from other cities are limited to a city or an urban scale. The urban carbon sequestration may not give a significant contribution to the global carbon sequestration process because the total carbon uptake from urban vegetation is smaller than carbon emissions in urban areas, as reported in some cities, including Mexico City and Singapore [92], Beijing [93], and Cebu City, Philippines [94].



The significant influence of the landscape patterns on ecosystem services is also observed when comparing the temperature regulation estimates based on the area and the landscape patterns of green spaces, and bodies of water. Between 1995 and 2014, temperature regulation was found to decrease in all municipalities where the contribution of green spaces is more significant than that of bodies of water, which have small areas and proportions as a result of the land cover classification. As a result, the bodies of water in this study only provide a small contribution to temperature regulation as well as to other ES. Moreover, temperature regulation is more influenced by the area of green spaces than by their connectivity. For instance, the lowest temperature regulation is identified in Central Jakarta and West Jakarta, where the area of green spaces was small in 2014, while the connectivity is high. On the other hand, the highest temperature regulation in 2014 was observed in East Jakarta, where the large area and the high connectivity of green spaces are observed. In addition, the proportion of green spaces in this municipality was relatively higher than that in other municipalities except for West Jakarta. A positive relationship between the increasing urban temperature and the dynamic changes of the landscape patterns has been found in this study which is consistent with the spatial distribution of LST and air temperature in Jakarta discussed in Ramdhoni and Rushayati [37]. In their study, the high LST (higher than 30 °C) was distributed in all municipalities. At the same time, the high air temperature was identified in Central Jakarta, East Jakarta, and North Jakarta, mainly where the small and the fragmented green spaces are observed in our study. The relationship between LST and the landscape patterns of green spaces was also observed in three megacities in Southeast Asia: Jakarta, Bangkok, and Manila [54]. It revealed that Jakarta had the highest mean LST of the three cities considered. It was concluded that this high LST was caused by the relatively large, complex, and more aggregated impervious built-up areas of Jakarta. Furthermore, the impact of the decreasing aggregation and connectivity of green spaces was also identified in the urban center of the Olympic Forest Park in Beijing, China. The observed increase in LST correlated with an increase in the green space fragmentation and a decrease in the green space connectivity [31].



Urbanization in Jakarta between 1995 and 2014 decreased runoff regulation in all municipalities, which could be related to a decrease in green spaces and bodies of water, and the landscape pattern changes. The changes in the runoff regulation are mainly influenced by the dynamic changes of the area and the landscape patterns of green spaces, while the influence of bodies of water is relatively small. The most significant decrease in runoff regulation is observed in West Jakarta, where there has been a high decrease in the area and the proportion of green spaces, which mean West Jakarta has the lowest runoff regulation. Furthermore, in all municipalities the connectivity of green spaces is relatively high while the proportion of green spaces is relatively low and more disaggregated, as shown by a decrease in the aggregation index. The low surface runoff regulation in North Jakarta and West Jakarta is consistent with the area inundated by the 2013 flood [95]. Moreover, the capacity of green spaces to control surface runoff can also be influenced by local physical characteristics such as the slope of the land. However, these characteristics have not been addressed in this study. Increasing the area of green spaces for surface runoff control can be considered in the gentlest sloping area with the high topographic wetness index (TWI), while this is not an appropriate solution in an area with the steep slope and the low TWI [96]. The capacity of green spaces to minimize surface runoff is also associated with LPI and AI. In Beijing, for instance, a decrease of LPI and AI reduced the runoff reduction capacity from 23% in 2000 to 17% in 2010 [30]. The low connectivity and aggregation could be associated with a decrease in the capacity of green spaces to minimize surface runoff. A study from Texas, US, showed that large area, less fragmentation, and high connectivity of green spaces could play an important role in anticipating the mean annual peak runoff. On the other hand, urban development could increase the built-up land cover class, which has more edges, more complex shapes, and is more connected, which facilitates high runoff [97].




4.2. Limitations of This Study and Future Perspectives


The spatial analysis in this study used a medium satellite image resolution of 30 m from Landsat 5 and 8 to analyze three ecosystem services: carbon sequestration, temperature regulation, and runoff regulation. The Landsat products provide a cost-effective option for spatial analysis purposes, such as the LULC change analysis and the landscape metrics analysis. However, some specific urban details such as city parks, small wetland areas, and lakes, as well as street corridors, could not be captured properly. Meanwhile, this study’s results have not yet been validated, which could limit the applicability of the proposed method. Even though it indicates a more realistic ES calculation, the proposed method could potentially bias the results due to different spatial scales used in this study and field survey data.



In future studies, the use of high spatial resolution satellite images for land use–land cover classification is recommended. This increases the spatial analysis quality, and it allows researchers to include more aspects of ecosystem services analysis, such as air purification from trees on street corridors or tourism and educational ecosystem services from the city and the neighborhood parks. The proposed ES estimation could be further improved in the future by incorporating empirical values based on runoff coefficients derived from land cover classes. For validation purposes, future studies should consider methods which apply remote sensing techniques using a range of spatial resolutions combined with actual land management information to identify carbon sequestration rates, land surface temperatures, and flood-prone areas.





5. Conclusions


The present study shows that the landscape pattern changes in the period 1995–2014 have a significant impact on urban ES in Jakarta. The observed landscape pattern changes reduce the carbon sequestration, the temperature regulation, and the runoff regulation with an average value of 66, 55, and 51%, respectively, during that period. The impact of the landscape pattern changes on a decrease of ES is higher compared to the area-based calculation in which the average decrease of the carbon sequestration is 55%, followed by the temperature regulation (44%) and the runoff regulation (41%). This indicates that the ability of green spaces to provide ES is strongly influenced by the spatial characteristics or the landscape patterns of green spaces.



From 1995 to 2014, it is observed that urbanization has not only reduced the number and total surface area of green spaces but also has changed its spatial characteristics. After 20 years, an increase in built-up areas has affected the spatial characteristics of green spaces marked by a scattered distribution, and a decrease in the aggregation and the connectivity of green spaces, making green spaces more fragmented. The average decrease in aggregation is about 8.7 and 9.6% for its connectivity, which can be associated with a decrease in urban ES. The reduced number and area of green spaces along with the landscape pattern changes and a decrease in urban ES indicate that there is a relationship between those factors, which need to be considered as part of the ES calculation.



This study proposes a new method for ES calculation that explicitly acknowledges the landscape patterns of green spaces resulting in the landscape metric area (LMA) of an urban area. The LMA reflects the area which is defined as green space that provides an effective contribution to ES. The spatial characteristics of green spaces are not static, but change over time. This study has shown that urbanization is a factor that impacts the separation and disaggregation as well as the disconnection of green spaces—and thus to a large extent the spatial distribution of green spaces. Ignoring the influence of the landscape patterns may result in an overestimation of the ES of an urban area, as shown in this study.



The importance of the area of green spaces to ES provision has been discussed in many previous studies, which feed the general perception that there is a positive relationship between the area of green spaces and ES. The findings of our study contribute to the existing body of knowledge in this field and suggest that ES calculations should consider not only the area of green spaces but also the landscape patterns, which represent the spatial configuration of green spaces. By considering the landscape patterns in this study, the proposed method indicates a more realistic ES calculation compared to commonly area-based approaches in which green spaces can be perceived as a lumped area. Our study is one of the first to provide quantified and convincing evidence of the influence of the landscape pattern changes on urban ecosystem services in a megacity such as Jakarta. We acknowledge that further detailed studies will be needed and that the present study will provide incentives and directions to initiate further research. It is recommended to further improve this new method by using land cover classification from a high satellite image resolution, considering more landscape metric combinations, incorporating empirical values such as runoff coefficients or albedo values based on LULC, using field survey data or using model simulations to verify the ES calculation.
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Figure 1. Schematic illustration of the loss of information due to lumping green areas. (a) Real landscape pattern; (b) the lumped area used in many previous ecosystem services (ES) studies. 
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Figure 2. (a) Map of Indonesia; (b) Jakarta is located on Java island, which is the densest island in Indonesia; (c) Jakarta consists of five municipalities. 
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Figure 3. Land use–land cover change from 1995 to 2014. 
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Figure 4. The area of land use–land cover of Jakarta in 1995 and 2014. (a) The area of urban class; (b) the area of suburban class; (c) the area of trees; (d) the area of grassland; (e) the area of cropland; (f) the area of bodies of water. 
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Figure 5. The spatial and temporal distribution of green spaces and bodies of water in 1995 and 2014. 
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Figure 6. Landscape metrics of trees. (a) Land proportion; (b) aggregation index; (c) cohesion. 
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Figure 7. Landscape metrics of grassland. (a) Land proportion; (b) aggregation index; (c) cohesion. 
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Figure 8. Landscape metrics of cropland. (a) Land proportion; (b) aggregation index; (c) cohesion. 
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Figure 9. Landscape metrics of water. (a) Land proportion; (b) aggregation index; (c) cohesion. 
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Figure 10. ESI for carbon sequestration in the year 1995 and 2014. (a) ESI in 1995 without LMA; (b) ESI in 2014 without LMA; (c) ESI in 1995 with LMA; and (d) ESI in 2014 with LMA. 
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Figure 11. Ecosystem services index (ESI) for temperature regulation in the year 1995 and 2014. (a) ESI in 1995 without landscape metric area (LMA); (b) ESI in 2014 without LMA; (c) ESI in 1995 with LMA; and (d) ESI in 2014 with LMA. 
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Figure 12. ESI for runoff regulation in the year 1995 and 2014. (a) ESI in 1995 without LMA; (b) ESI in 2014 without LMA; (c) ESI in 1995 with LMA; and (d) ESI in 2014 with LMA. 
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Table 1. The weighting factors (modified from Derkzen et al. [9]).
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	Weighting Factors
	Carbon Sequestration
	Temperature Regulation
	Runoff Regulation





	a (Trees)
	1
	1
	1



	b (Grassland)
	0
	0.5
	1



	c (Cropland)
	0
	0.5
	1



	d (Water)
	0
	1
	1
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(@ PLAND Grassiand 1995 w2014

=
=

: II II I

Cono kot East Jokata Mot ok Sout ks st kot

PLAND (%)

Municpatios
© A Grassland 1995 w20t
o
®
g®
Municpatios
© (COHESION Grassiand s w20
100
g"
e
H
fo
8
»

‘Municipaiies





media/file4.png





media/file18.png
PLAND (%)
] w E=Y w (@)] ~J

(@)

o

PLAND Water » 1995 m 2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta

100

80

60

Al (%)

40

N
o

0

100

80

COHESION (%)

Municipalities

(b) Al Water w1995 m 2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities
(c) COHESION Water 21995 w2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities





media/file21.jpg





media/file3.jpg





media/file22.png
North Jakarta North Jakarta

‘e_/\‘ﬁ‘ LE
<8

.J
s West Jakarta o J

L\ anrral Jakarta —(
f  aad

)
4

WV

West Jakarta ij/m:j

South Jakarta

ESI Low 10 15 km

IIDEJE]DL |E A —:—

> <0¢ntral ]akdrta\jk‘\\\‘g
(;_ji J

th Jakarta
ML )
(d) L/JJ

East Jakarta






media/file19.jpg
NGETay e






media/file7.jpg
© ‘Sub Urban.

; IIII*" il
JL LB L L B 2 I M I
. - . —
; I. ol
=L .m LT e

o

© “" s sz
I i
- n..I.. M..Iw .!! ,.I! B L RETE T)





media/file10.png
1995 GRASSLAND 2014 1995 CROPLAND 2014

0 25 5§ 75 10km
)

1995 TREE 2014 1995 WATER 2014






media/file14.png
PLAND (%)

25

20

15

(a) PLAND Grassland = 1995 m 2014

10

5 II
0

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta

100

80

Al (%)

o

COHESION (%)

60

4

N
o

0

100

80

Municipalities

(b) Al Grassland » 1995 m 2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities
(c) COHESION Grassland 21995 w2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities





media/file11.jpg
PLAND (%)
s s 88

%)
]

i

"o

COHESION (%)
3588

Ll PLAND Troes. 1998 w2014

whihe

Muncpaitos.

® ATises 1008 w200t

Municpaites

COMESION Trees o w2e

Cont kacn Gant ks ot ks S ks West ks
‘Municipeies





media/file6.png
1995 Land use—land cover 2014

!

fag ;_".%est.,lékarta-. :
.-i I's '8?‘.";5\.' *

2 : .:g,‘ _ R,
© | Central Jakarta ‘T
. - . '\ . 1

¥ Legend

LULC

B Urban

Bl Suburban
Grassland
Cropland

B Trees
River

B Lake

Bl Sea

(a) Land use—land cover of Jakarta in 1995 and 2014

Urban 44.30%

-15.93% Sub Urban
-32.27% Cropland
-36.11% Grassland
-58.05% Trees

-6.06% Water

(b) Land use—land cover transitions between 1995 and 2014





media/file15.jpg
(@ PLAND Cropland 1995 #2014

g m II |I ] II

[ e R —

Municpaiies
© A Cropland 1005 w2014
w0
w
g®
B I I I I I
© Cantt st East oo o ks Souh Jolar st aara
Municipates
© COMESION Cropland 1905 #2014
g
e
§ ©
=

o
ol kot Exst o Mo ok Sout skt et ko

Municipalites.





nav.xhtml


  land-10-00218


  
    		
      land-10-00218
    


  




  





media/file16.png
(a) PLAND Cropland ® 1995 m 2014
25

20
e
< 15
o
=
< 10
o
5 I I I
- |
Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities
(b) Al Cropland w1995 m 2014
100
80
g 60
<

40
) II II
0

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities

(c) COHESION Cropland =1995 m 2014

0

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities

(o2} co
o o

COHESION (%)
P
o





media/file2.png
(a) (b)

B green space built-up area






media/file20.png
\
\

North Jakarta

West Jakarta

South Jakarta

(b)
High Low A O 5 10 15 km
-I_I_H_H‘ﬂ [ s

w Mﬁ‘*’
- fﬁu\

est Jakarta g'ﬂ' J;ﬁ\\ JJ'L

East Jakarta
th Jakarta

(d)






media/file23.jpg
oarta






media/file5.jpg
1995 Land use-land cover 2014

(2) Land use-Jand cover of Jakarta in 1995 and 2014

s [ s v

-3221% Cropland
-3611% Grassiand
-58.05% Troes.

-6.06% [ Water

(b) Land use-land cover transitions between 1995 and 2014





media/file24.png
U

l
.
North Jakarta \ h Q ' North Jakarta

T T
L West Jakarta .:;-f‘] g

‘\5 Cfntral Jakarta

¢
¢ 2 4B

West Jakarta

»
A East Jakarta
South Jakarta South Jakarta
(a) (b)
High Low - 10 15 km
-EDDCIDDDT
rta
\ (’
== T o
i (‘ Central Jakarta

- |
L’_\—_ﬁﬂ/—‘
gihwa {3

&






media/file1.jpg
(a) (b)
M green space M built-up area





media/file12.png
(a) PLAND Trees #1995 w2014

PLAND (%)

0

100

80

60

Al (%)

100

80
60
40

COHESION (%)

1T

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta

Municipalities

(b) Al Trees » 1995 m 2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities

(c) COHESION Trees 1995 w2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities





media/file9.jpg





media/file0.png





media/file8.png
Area (km2)

(c)

Area (km2)
8

]
o

—_
o

Area (km2)
)

w

Central Jakarta East Jakarta

Urban

= 1995 =2014

North Jakarta South Jakarta West Jakarta
Municipalities

Trees
1995 =m2014

bk,

Central Jakarta

[ N |
Central Jakarta

East Jakarta  North Jakarta South Jakarta West Jakarta
Municipalities
Cropland
1995 m2014

East Jakarta

North Jakarta South Jakarta \West Jakarta
Municipalities

(b)

60

Area (km2)
3

[
[==]

Area (km2)
o

(4]

Area (km2)

0

Sub Urban
=1995 m2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities

Grassland
1995 m2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities

Water
m1995 =m2014

Central Jakarta East Jakarta North Jakarta South Jakarta West Jakarta
Municipalities






media/file17.jpg
@ PLAND Water 1995 = 2014
.
o
£,
3
2
I | ] =-u 0N
ot St Yo ke S . Vot
Mncosites
® A [R—
-
ot ot e e G s Yt e
Mrcpaties
@ [ ——
g
Ze
fu
N I

© Conta kot st oot N Jotar ot Jokar Vst nara
‘Municipelies





